Background. The impact of season when determining a serum 25-hydroxyvitamin D (S-25OHD) cut-off level for optimal bone health is unknown.
Methods. A subcohort of 5002 Swedish women (mean age 68 years), randomly selected from a large population-based longitudinal cohort study with repeat dietary and lifestyle information, was enrolled during 2003-2009 for a clinical examination, which included dual-energy X-ray absorptiometry and collection of fasting blood samples.
Categories of vitamin D status were determined by S-25OHD (measured by HPLC-MS/MS).
Results. In samples collected during summer, we found a gradual increase in BMD of the total hip up to a S-25OHD level of 40 nmol L À1 (6% of the cohort). In women with S-25OHD concentrations below 30 nmol L À1 during summer, adjusted BMD was 11% lower [95% confidence interval (CI) [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] and in those with S-25OHD levels of 30-40 nmol L À1 BMD was 6% lower (95% CI 1-11), compared with women with S-25OHD levels above 80 nmol L
À1
. Low S-25OHD concentrations during summer (<30 nmol L
) were also associated with higher adjusted relative risk of osteoporosis (4.9; 95% CI 2.9-8.4) compared with concentrations above 80 nmol L
. By contrast, no differences in mean BMD values between categories of S-25OHD were found during winter.
Introduction
Vitamin D stimulates enhanced intestinal calcium absorption and renal calcium conservation to maintain adequate levels of ionized calcium in serum. During periods of vitamin D deficiency, it is thought that bone resorption increases as a result of reduced active calcium absorption and the bone mineral density (BMD) therefore decreases [1] .
The major source of vitamin D is synthesis in the skin induced by ultraviolet (UV)-B radiation from sunlight. The radiation strength depends on the season and latitude, and UV-B radiation at high latitudes is insufficient for the production of vitamin D during the winter season [2] . Therefore, considerable variation in vitamin D status between seasons would be expected in individuals residing at high latitudes.
Serum 25-hydroxyvitamin D (S-25OHD) is the generally accepted indicator of vitamin D status. Seasonal differences of 15-35 nmol L
À1 between the winter nadir and the summer zenith have been reported [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . This seasonality is not only seen at high latitudes [9] but also in temperate climates [7, 10] , suggesting that season is more important than latitude [7] . With such large fluctuations, it is somewhat surprising that season is rarely taken into account in studies of vitamin D and health outcomes.
As stated in a report on dietary requirements for calcium and vitamin D from the Institute of Medicine (IOM) [1] , there is an urgent clinical and public health need for consensus cut-off values for S-25OHD inadequacy. An important question is whether summer or winter concentrations of S-25OHD for the determination of sufficiency levels are of greatest significance for BMD. We hypothesized that season of blood draw may be important when interpreting S-25OHD levels for the definition of such cut-off values. At Swedish latitudes (55 o -69 o N), UV-B radiation is very low from October to March, leaving the population at risk of low vitamin D levels during a large part of the year and making this a suitable setting to investigate seasonal effects on BMD. We therefore measured S-25OHD by the gold standard method and investigated the association between S-25OHD concentration and BMD during different seasons in a large population-based cohort of Swedish women.
Methods

Study sample
The Swedish Mammography Cohort (SMC) is a population-based cohort in central Sweden (latitude, 60°N) [14, 15] . All women born between 1914 and 1948 living in Uppsala County (n = 48 517) and all women born between 1917 and 1948 living in V€ astmanland County (n = 41 786) were asked to respond to a comprehensive food frequency questionnaire (FFQ) when invited to a mammography screening (1987) (1988) (1989) (1990) . Completed questionnaires were obtained from 66 651 (74%) individuals; after exclusions, 61 433 women remained in the cohort [14, 15] . In 1997, a second expanded questionnaire was sent to all eligible participants and 38 984 (70%) responded. Between November 2003 and October 2009, we invited a randomly selected subcohort of the SMC [SMC Clinical (SMCC)], living in the city of Uppsala or the surrounding area, to undergo dual-energy X-ray absorptiometry [(DXA) bone, fat and lean mass] and height and weight measurement, and to provide biological samples. Blood samples were collected in the morning following an overnight fast. The samples were protected from light and spun in a refrigerated centrifuge, frozen in multiple tubes and stored at À80°C until analysis. A third questionnaire on diet and lifestyle factors was also completed 1-3 months before a clinical examination. The participation rate was 65%, and the SMCC consists of 5022 women (see flow chart in Appendix S1).
BMD
BMD at the total hip, femoral neck and lumbar spine (L1-L4) and of the total body was measured using dual-energy DXA with the same equipment (Lunar Prodigy; GE Medical Systems, Madison, WI, USA) throughout the study. Osteoporosis was defined as a BMD of ≥2.5 SD below the mean of US White female reference populations aged 20-40 years at the total hip, femoral neck or lumbar spine. The short-term precision measurement error, based on duplicate measurements with repositioning according to recommendations from the International Society for Clinical Densitometry, varied between 0.8% and 1.5% depending on the measurement site. The long-term coefficient of variation was <1% for a spine phantom [16] .
Determination of S-25OHD
In 2012, levels of 25OHD 2 and 25OHD 3 in serum were determined by high-performance liquid chromatography (HPLC), performed with a 1260/1290 liquid chromatograph (Agilent Technologies, Palo Alta, CA, USA) interfaced by atmospheric pressure chemical ionization (APCI) to a 6420 Triple Quad LC-MS/MS (Agilent Technologies) operated in multiple reaction monitoring mode, at Vitas, Oslo, Norway (www.vitas.no). The method is linear from at least 5-400 nmol L À1 , with 95% recovery, and the limit of detection is 1-4 nmol L
À1
. Coefficients of variation for interassay analyses were found to be between 3% and 6%. Samples from 5002 of 5022 women in the SMCC were analysed at the same time. Total 25OHD was determined as the sum of 25OHD 3 and 25OHD 2 , with the latter detected in only 12% of the samples which contained on average 4.5 nmol L À1 25OHD 2 . The method has a high accuracy (95%) compared with all laboratory trimmed mean (ALTM) spiked samples from the Vitamin D External Quality Assessment (DEQAS) scheme and has been standardized against serum provided by the US National Institute of Standards and Technology [17] .
in the Appendix S1. Average daily UV radiation [18] data in Sweden for the period 2003-2009 were retrieved from the Swedish Meteorological and Hydrological Institute.
Statistical analysis
The seasonal change in UV radiation dose was plotted against the seasonal change in total S-25OHD. The association between six predefined categories of total S-25OHD (<30, 30-<40, 40-<50, 50-<60, 60-<80 and ≥80 nmol L
À1
) and adjusted percentage differences in BMD values by season (winter, December-February; spring, March-May; summer, June-August; autumn, SeptemberNovember) was estimated (PROC GLM, SAS 9.4; SAS Institute, Cary, NC, USA). We used a modified Poisson regression approach [19] with robust error variance (PROC GENMOD, SAS 9.4) to assess relative risks of osteoporosis with 95% confidence intervals (CIs) in categories of vitamin D status by season. Two models were considered: an ageadjusted model and a multivariable model including leisure time physical exercise (<1, 1, 2-3, 4-5 and >5 h per week), total fat mass (continuous), total lean muscle mass (continuous), body height (continuous), current smoking status, vitamin D supplementation (because use might be related to a general health-seeking behaviour and lower risk of frailty) [20] , bisphosphonate use (current use versus no use), ever use of postmenopausal oestrogen-replacement therapy (ever versus never use), previous hip fracture (yes versus no), previous fracture of any type (yes versus no), weighted Charlson's comorbidity index, plasma cystatin C, plasma creatinine, energy intake and dietary calcium intake (all continuous). Additional adjustment for educational level (three categories), marital status (living alone), nulliparity, use of calcium supplementation, and menopausal age and estimated glomerular filtration rate (eGFR) (both continuous) did not substantially affect our estimates. Moreover, adjustment for propensity scores [21] estimated from ordinal logistic regression (PROC logistic, SAS 9.4) including the covariates described in the primary multivariable model revealed similar estimates to those obtained after adjustment for individual variables. Finally, we considered whether three categories of total (dietary and supplements) vitamin D intake (<5, 5-7.5 and >7.5 lg day
) and four categories of plasma PTH concentration (<5, 5-<6, 6-<6.9 and ≥6.9 pmol L À1 ) modified the association between S-25OHD and BMD by season. Sensitivity analyses were performed by excluding women with an eGFR (based on both plasma creatinine and cystatin C) [22] below 50 mL min
, vitamin D supplement or bisphosphonate users, or women with serum calcium levels above 2.5 mmol L À1 and PTH levels higher than 6.9 pmol L À1 (the upper normal level).
Results
Characteristics of the women by vitamin D status are shown in Table 1 . The mean age of the women was 68 years (range 55-86 years). Women with low S-25OHD levels had on average higher body mass index (BMI), higher fat mass, higher PTH levels, lower leisure time physical activity and less frequent vitamin D and calcium supplement use. Otherwise, covariates were distributed approximately equally between categories of S-25OHD.
Mean S-25OHD was 58 nmol L
À1
, and 5%, 34% and 83% of the women had serum concentrations below 30, 50 and 75 nmol L
, respectively (Fig. S1) . The values were, however, highly dependent on season of blood collection ( , BMD at the total hip was 11% lower (95% CI 3-19) in women with S-25OHD below 30 nmol L À1 (n = 13) and 6% (95% CI 1-11) lower amongst those with S-25OHD levels between 30 and 40 nmol L À1 (n = 36). Compared with women who had higher S-25OHD concentrations during the summer, those with concentrations <40 nmol L À1 had a higher level of education and reported lower physical activity and calcium supplement use and a higher frequency of current smoking and nulliparity (see Table S1 ). As expected, they also had on average higher serum PTH concentrations, whereas other biomarkers or the comorbidity index did not differ between groups (see Table S1 ).
By contrast, no differences in mean BMD values between categories of S-25OHD were found during Table 1 Characteristics of the Swedish Mammography Cohort Clinical by total serum 25-hydroxyvitamin D (S-25OHD) categories Table 1 (Continued ) ) during the spring and autumn were also related to lower BMD at the total hip (and the other BMD sites; Figs S2-S4). The results remained essentially unaltered after exclusion of subjects with low eGFR, vitamin D supplement and bisphosphonate users, those with high plasma calcium and PTH levels and women younger than 70 years of age (data not shown). To exclude the possibility that the association between summer vitamin D deficiency and low BMD simply represents the selection of a different cohort, we also compared women with S-25OHD concentrations <40 and ≥40 nmol L À1 during winter (Table S2 ). Similar to those women with S-25OHD levels <40 nmol L À1 during summer, there were no differences in comorbidity or biomarkers other than PTH. Moreover, also in concordance with women who had low S-25OHD concentration during summer, the frequency of current smoking was higher and the reported calcium supplement use lower compared to those with 25OHD ≥40 nmol L
. In addition, BMI, fat mass and energy intake were higher in women with S-25OHD <40 nmol L
. We also compared women with lowest levels of S-25OHD (<30 nmol L
) in summer and in winter (Table S3 ). The only statistically significant difference between these two subgroups was a lower mean age amongst those with low concentrations during summer. ) during winter, spring and autumn were not related to a higher risk of osteoporosis although there was a weak tendency towards an increase in risk for both spring and autumn values.
We also examined whether the observed associations were dependent on vitamin D intake. In contrast to women with S-25OHD levels <30 or 30-40 nmol L À1 during summer and intakes <5 or 5-7.5 lg day
, those with an intake >7.5 lg day
did not seem to have on average lower BMD values at the total hip, but the subgroups are based on small sample sizes (Fig. S5 ).
Approximately 4% of the variance in PTH was explained by S-25OHD (correlation coefficient 0.2, irrespective of season and multiple adjustments). Finally, we observed no clear trend, irrespective of season, in the association between S-25OHD levels and bone turnover markers (CrossLaps and osteocalcin) (Figs S7 and S8). 
Discussion
We found considerable seasonal variation in the importance of S-25OHD concentration on bone health. Our results support a cut-off value of 40-50 nmol L À1 for optimal bone health [1] if the patient's blood sample is collected in the summer, whilst women with low S-25OHD levels during winter were not, on average, at higher risk of osteoporosis. The patterns for the association between S-25OHD and BMD in spring and autumn were midway between the patterns seen during summer and winter, suggesting a dynamic process throughout the year. Only 6% of the women failed to reach S-25OHD levels >40 nmol L À1 during summer indicating that summer activities and sun habits are adequate for optimal bone health for the vast majority of this population. In general, these individuals will also have low S-25OHD concentrations during the dark season but the predictive ability of a low winter value will be masked by the higher proportion (21%) of women with S-25OHD levels <40 nmol L À1 during winter. Those with both low summer and winter values Autumn Fig. 3 Age-adjusted (dark grey diamonds) and multivariable-adjusted (light grey squares) relative risk of osteoporosis (T-score < À2.5 at the total hip, femoral neck or lumbar spine) in relation to serum 25-hydroxyvitamin D (S-25OHD) concentration and season, with >80 nmol L À1 as the reference. The error bars denote 95% confidence intervals. The multivariable model was adjusted for age, leisure time physical exercise, total fat mass, total lean muscle mass, body height, current smoking, vitamin D supplementation, bisphosphonate use, ever use of postmenopausal oestrogenreplacement therapy, weighted Charlson's comorbidity index, previous hip fracture, previous fracture of any type, plasma cystatin C, plasma creatinine, energy intake and dietary calcium intake. The number of women with osteoporosis in each S-25OHD concentration category was as follows: during winter:
, n = 25; during spring:
, n = 46.
will be difficult to identify using winter values alone.
Previously, using longitudinal assessment of S-25OHD concentrations in 100 women from the SMCC, we showed that avoiding direct sun exposure was independently associated with 30 nmol L À1 lower S-25OHD and having a sensitive skin type with a further 19 nmol L À1 lower S-25OHD concentrations during summer [11] . In the present analysis, we also demonstrated that lifestyle habits may contribute to S-25OHD concentrations and found no indication that those who had low S-25OHD concentrations in the summer were especially frail individuals with derangements in biomarkers other than those belonging to the vitamin D axis.
The dietary reference intakes for vitamin D and calcium recommended by the IOM [1] were mainly based on calcium homeostasis and bone health. Average requirements for vitamin D intake for older (>70 years) individuals with minimal sun exposure were estimated to be 10 lg day À1 and the recommended dietary allowance to be 20 lg day
À1
. As a comparison, despite mandatory vitamin D food fortification of low-fat dairy products and margarine in Sweden, only 1% of our female population reached a dietary intake level higher than 10 lg day À1 [15] . Amongst women with low summer S-25OHD levels (<40 nmol L À1 ), we observed low BMD only in those with a dietary intake of ≤7.5 lg day À1 , that is only 5% of the population seems to gain a potential benefit from an increase in vitamin D intake. Nowadays, half of all middle-aged and older North American women take vitamin D supplements [23, 24] , and an increasing trend in their use has been reported [25] . Since the publication of the IOM report, much more evidence regarding the efficacy of vitamin D supplementation has been published. Indeed, although vitamin D supplementation has dramatic effects on BMD in patients with osteomalacia, it does not lead to improved BMD in elderly women in general; clear improvements have not even been found in those with S-25OHD levels <50 nmol L À1 [26] . Comparison between studies is, however, hampered by different degrees of bias in the measurement of S-25OHD [27, 28] and few have used LC-MS/MS, which is considered the gold standard method [28] . The main skeletal effect of vitamin D is indirect, by increasing intestinal calcium absorption, but recent randomized controlled trials (RCTs) revealed no clear improvement in calcium absorption with increasing doses of vitamin D in young or in older women [29, 30] . The lack of threshold level of S-25OHD for calcium absorption in these trials suggests that active transport of calcium is already maximal at very low levels (below approximately 12.5-25 nmol L À1 ) [30] . However, the association between S-25OHD and BMD may not simply be determined by a low threshold level, but may be a dynamic process where time is an important factor. For example, if it is assumed that calcium absorption is reduced at a S-25OHD concentration of 10 nmol L
, then a concentration of 25 nmol L À1 in February would not affect calcium absorption. However, if S-25OHD concentration was 10 nmol L À1 in February and increased in April-May, calcium absorption would be reduced for about 2-3 months. This could be compared to another potential scenario in which the S-25OHD level of 25 nmol L À1 in August falls to 10 nmol L À1 in November, that is decreased calcium absorption for 5-6 months leading to more substantial and sustained bone mineral loss. This may explain the lack of effect seen with vitamin D supplementation on BMD in many trials, that is the participants have not been selected based on inadequate vitamin D status during the sunny season [26] . Can vitamin D have no direct positive effect on bone? In animal studies, selective knockout of the vitamin D receptor (VDR) in osteoblasts leads to higher BMD, indicating that the primary biological role of the VDR is to regulate calcium concentrations and not to maintain bone health [31] .
Given that 25OHD has a half-life of 2-4 weeks [32] , that there is little or no cutaneous vitamin D synthesis between October and March and that the dietary intake is far below the recommended levels of 15 lg (51-70 years) and 20 lg (>70 years) per day [1] , vitamin D deficiency could be expected in most individuals by late winter. Obviously this is not the case, and in a recent systematic review [33] , it was demonstrated that many healthy adults in different populations can maintain adequate S-25OHD levels despite negligible UV exposure for several months of the year. Therefore, a key question is, how long do vitamin D stores last? Although adipose tissue contains substantial amounts of vitamin D [34] , very little is known about the storage capacity and how the storage and mobilization processes are regulated. Based on the analysis of vitamin D in fat biopsies from subjects living in northern Norway (latitude 70°) who had participated in an RCT for 3-5 years, Didriksen et al. [35] recently estimated that the stores of vitamin D in subcutaneous fat tissue were equivalent to 90 daily doses of 10 lg in the placebo group and 328 daily doses of 20 lg in the group taking vitamin D (oral dose of 500 lg per week). The observations of a clear positive association between vitamin D concentration in fat and serum and a linear increase in circulating 25OHD levels as a function of adiposity volume loss indicate bioavailability of cholecalciferol in fat stores during periods of insufficiency [32, [35] [36] [37] [38] . Together, these results may help explain why individuals living at high latitudes do not have extremely low S-25OHD levels at the end of the winter season. Combined with our findings that BMD values are better predicted from summer S-25OHD levels, we suggest that vitamin D stores can last through the winter if enough time is spent in the sun during the summer. If the critical S-25OHD level of about 40-50 nmol L À1 is not attained during the summer season, the fat stores may not suffice through the winter and therefore the dietary intake may become of greater importance.
During chronic vitamin D deficiency (e.g. in kidney disease or gastrointestinal malabsorption), bone metabolism is affected as a result of reduced calcium absorption. This leads to increased PTH secretion, which stimulates the release of mineral from the bone. Much emphasis has therefore been placed on serum PTH levels when trying to define vitamin D insufficiency, that is to identify a threshold of S-25OHD below which secondary hyperparathyroidism occurs [39, 40] . However, and as pointed out in the IOM report, a critical question remains whether physiological regulations in PTH concentrations are directly harmful to bone and, if so, at what level [1] . Furthermore, in the present study, we observed an inverse relationship between the levels of S-25OHD and PTH irrespective of season, although no seasonal influence on PTH concentrations was detected. Importantly, BMD was not lower in women with S-25OHD <30 nmol L À1 and PTH above the upper normal limit (6.9 pmol L À1 ) during winter compared with women with PTH <5 pmol L À1 and S-25OHD >80 nmol L À1 .
The strengths of our study include the size of the cohort, the population-based design, a clinically relevant outcome with short-term stability, the use of S-25OHD measured by a gold standard method with high accuracy, inclusion of a large number of covariates and the use of repeated and validated FFQs. Because of the unique personal identification number assigned to all Swedish residents, in combination with the availability of national healthcare registers, we are able to ascertain all comorbidities. Our results can be applied to Swedish middle-aged and elderly women, a population with a high incidence of osteoporotic fractures.
Several limitations of our study should be considered when interpreting the results. First, our crosssectional design may be considered a limitation but there is a fairly good correlation (range 0.4-0.8) between individual S-25OHD concentrations measured several years apart [41] [42] [43] , and the annual bone turnover rate is on average only 10%, with even less turnover in cortical bone predominant at the femoral neck region [44] measured by DXA. This is in contrast to the more rapid turnover of bone turnover markers and PTH. A limitation common to cross-sectional observational studies is that they may preclude conclusions regarding causality. Secondly, our results may not apply to populations of different ethnic origin or to men. Finally, our estimates were adjusted for several important covariates, but residual confounding still remains a possible limitation.
We conclude that summer levels of S-25OHD seem to be more suitable for assessing bone mineral status, whereas winter concentrations provide limited value. Thus, to determine a S-25OHD cut-off level for vitamin D deficiency, it may be necessary to take into account the season of blood collection.
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